Proteolytic processing of the Rous sarcoma virus (RSV) Gag precursor was altered in vivo through the introduction of amino acid substitutions into either the polyprotein cleavage junctions or the PR coding sequence. Single amino acid substitutions (V P2 S and P P4 G), which are predicted from in vitro peptide substrate cleavage data to decrease the rate of release of PR from the Gag polyprotein, were placed in the NC portion of the NC-PR junction. These substitutions do not affect the efficiency of release of virus-like particles from COS cells even though recovered particles contain significant amounts of uncleaved Pr76 gag in addition to mature viral proteins. Single amino acid substitutions (A P3 F and S P1 Y), which increase the rate of PR release from Gag, also do not affect budding of virus-like particles from cells. Substitution of the inefficiently cleaved MA-p2 junction sequence in Gag by eight amino acids from the rapidly cleaved NC-PR sequence resulted in a significant increase in cleavage at the new MA-p2 junction, but again without an effect on budding. However, decreased budding was observed when the A P3 F or S P1 Y substitution was included in the NC-PR junction sequence between the MA and p2 proteins. A budding defect was also caused by substitution into Gag of a PR subunit containing three amino acid substitutions (R105P, G106V, and S107N) in the substrate binding pocket that increase the catalytic activity of PR. The defect appears to be the result of premature proteolytic processing that could be rescued by inactivating PR through substitution of a serine for the catalytic aspartic acid residue. This budding defect was also rescued by single amino acid substitutions in the NC-PR cleavage site which decrease the rate of release of PR from Gag. A similar budding defect was caused by replacing the Gag PR with two PR subunits covalently linked by four glycine residues. In contrast to the defect caused by the triply substituted PR, the budding defect observed with the linked PR dimer could not be rescued by NC-PR cleavage site mutations, suggesting that PR dimerization is a limiting step in the maturation process. Overall, these results are consistent with a model in which viral protein maturation occurs after PR subunits are released from the Gag polyprotein.
Translation of retroviral genomic RNA on free ribosomes in the cell cytoplasm leads to synthesis of two polyproteins, Gag and Gag-Pol, which migrate to the plasma membrane. This transport is directed by a signal located at the amino terminus of Gag referred to as the membrane binding (M) domain. In mammalian viruses, this signal includes an N-terminal myristic acid (4) . In avian viruses, the signal is contained within MA (32) . The viral env gene products are translated concomitantly on the rough endoplasmic reticulum-associated ribosomes. They are modified posttranslationally during transport through the reticulum to the plasma membrane, where particles bud from the cell surface (18) . Aggregation of Gag polyproteins (Gag and Gag-Pol) is necessary to form particles. This process is driven in part by the M domain concentrating Gag on the membrane but is assisted by an internal Gag interaction (I) domain that in Rous sarcoma virus (RSV) maps to the NC protein (28, 32) . Efficient budding is also dependent on a domain required late in the budding process, referred to as the L domain (33) . In RSV, the L domain maps to a proline-rich sequence, PPPPYV, in p2 of Gag. This sequence probably interacts with a cell protein containing a WW domain (35) , a conserved motif that has two tryptophan residues separated by 20 to 22 amino acids. The formation and release of immature virus particles from cells do not require proteolytic processing, incorporation of viral RNA, or pol or env gene products. However, the presence of the latter normal components alters the characteristics of particles released.
During or after the budding process, polyproteins are cleaved by a virus-encoded protease (PR) to release mature proteins (18) . Concomitant with processing, there are morphological changes in the appearance of particles released from cells, and virions become infectious (11, 15, 19, 26) . This is the rationale for the development and use of antiprotease drugs in the treatment of AIDS (12, 17, 23 ). An active PR is composed of a dimer of two identical subunits, and Gag and Gag-Pol polyprotein processing requires PR to recognize at least nine unique cleavage sites of eight amino acids each (7, 9, 16, 23, 24, 27, 34) . The molecular basis for this remarkable specificity is dependent primarily on optimization of van der Waals interactions between amino acid side chains in the polyprotein cleavage site and key amino acid residues in the enzyme's substrate binding pocket (7, 23, 24) .
In avian retroviruses, the PR subunit is found at the carboxyl terminus of Gag (Fig. 1) . Cleavage at the NC-PR boundary is believed to be catalyzed by PR itself (3, 5) and seems to be required before processing of other viral protein junctions in Gag occurs (6) . The timing of this activation is tightly regulated and appears to coincide with the process of virus budding. When budding is prevented by disruption of the Gag M domain, the level of polyprotein processing is greatly diminished (2, 28) . Particle formation is also aborted if PR is activated prematurely, before Gag reaches the plasma membrane (2, 5) . This is most likely because premature cleavage separates the Gag proteins from the M-domain transport signal. Similar results were obtained with processing of human immunodeficiency virus type 1 (HIV-1) Gag polyproteins (20) .
Mechanisms which delay PR activation until budding are not yet understood. To investigate this process of virus maturation, we have introduced a series of amino acid changes into Gag polyprotein cleavage sites that are predicted from cleavage data derived from peptide substrates to either increase or decrease their cleavage rates. Despite the fact that cleavage of the NC-PR site in vivo might be influenced by accessibility and/or conformation of the site in the polyprotein, we find that there is a correlation between the steady-state kinetic cleavage data of the NC-PR peptides in vitro and cleavage of the altered sites in vivo. Analysis of these sites, coupled with mutations that change the intrinsic enzymatic properties of PR, has revealed that there is also a correlation between the rate of viral polyprotein processing and particle budding. Moreover, these data further support a model in which PR must be released from the Gag polyprotein before processing of other Gag cleavage sites occurs.
MATERIALS AND METHODS
Reagents. All reagents were as previously described (33) . Oligodeoxynucleotides were purchased from Midland Certified Reagent Company (Midland, Tex.) and used directly for mutagenesis. The wild-type RSV gag gene is from pATV-8, an infectious molecular clone of the RSV Prague C strain. The plasmid pSV.Myr0 is a simian virus 40-based mammalian expression vector carrying a wild-type copy of the RSV gag allele, the product of which efficiently directs production of virus-like particles from COS-1 cells (2, 28, 30, 32, 33, 35) .
Oligodeoxynucleotide-directed mutagenesis. Site-directed mutagenesis of the RSV gag gene was carried out by overlap extension mutagenesis as described by gag are listed below the boxes and were expressed from mutant plasmids constructed by overlap extension mutagenesis (1) using oligodeoxynucleotides listed in Table 1 . (A) Single amino acid substitutions in the NC-PR cleavage site. The eight-amino-acid sequence representing the NC-PR cleavage site is expanded, and the positions relative to the scissile bond are indicated by P4 to P4Ј. The full-length black line represents the wild-type (WT) NC-PR cleavage site in Gag. Amino acid substitutions introduced into the P4 to P1 positions are as indicated and are aligned with the expanded NC-PR cleavage site sequence. (B) Substitutions that change the sequence of the MA-p2 cleavage site to that of the NC-PR cleavage site. The amino acid sequence of the MA-p2 cleavage site is expanded, and the amino acid substitutions are indicated below. The one-amino-acid difference between MA-p23NC-PR and MA-p23NC(P P4 Aiyar et al. (1) . A list of mutations made is presented in Fig. 1 . In most cases, the mutations create a new restriction enzyme site to facilitate identification of clones containing the desired mutation ( Table 1 ). The mutant ⌬NC was created by oligodeoxynucleotide-directed mutagenesis using single-stranded MGAG template DNA, containing the RSV gag gene (32) , and a synthetic oligonucleotide having the sequence 5Ј-GCAGTAGTCAATAGAGAGAGGCCTGAGCC ACCTGCCGTC-3Ј. The deletion removes all of the NC coding sequence except that for the first and last seven residues. The mutation was inserted into the mammalian expression plasmid by transferring the BglII-BssHII fragment of gag. The presence of the mutation was confirmed by DNA sequencing, and multiple clones of the mutant were characterized in transfection experiments.
Transfection of mammalian cells. COS-1 cells grown in Dulbecco's modified Eagle's medium supplemented with 3% fetal bovine serum and 7% calf serum (HyClone Inc.) were transfected by the DEAE-dextran-chloroquine method as described previously (30) . Plasmid DNAs, at a concentration of 25 g/ml, were digested with XbaI and incubated with T4 DNA ligase before transfection. This removes the bacterial plasmid sequence and joins the 3Ј end of the gag gene with the simian virus 40 late polyadenylation signal (30) .
Metabolic labeling and immunoprecipitations. In most experiments, cells in 35-mm-diameter dishes were labeled 48 h after transfection with L-[
35 S]methionine (1,000 Ci/mmol, 75 Ci/ml of tissue culture medium) for 2.5 h at 37ЊC as described previously (30) . The cells or growth medium from each labeled culture was mixed with lysis buffer containing protease inhibitors. Rabbit antiserum directed against whole RSV (reactive with MA, CA, NC, and PR Gag proteins) was added, and immunoprecipitation was carried out for 2 h at 4ЊC. Precipitates were collected by using protein A-agarose (Gibco-BRL), and the proteins were subjected to electrophoresis (35) . Pulse-chase experiments were carried out with sets of identically transfected cells incubated in methionine-free medium for 30 min, pulse-labeled with [ 35 S]methionine for 15 min, and chased with a 1,000-fold excess of cold methionine in serum-free medium for the indicated times. Densitometric quantitation of the fluorograms was carried out by using the Bioanalysis program on a Sci-Scan 5,000 (U.S. Biochemicals).
Isopycnic sucrose gradient analysis. COS-1 cells expressing the ⌬NC mutant were radiolabeled, and the particles released into the medium were subjected to isopycnic sucrose gradient analysis as previously described (2) . Unlabeled Moloney murine leukemia virus (MoMLV) was added to the gradient as an internal control and detected by reverse transcriptase activity.
SDS-polyacrylamide gel electrophoresis and fluorography. Immunoprecipitated proteins were separated by electrophoresis in sodium dodecyl sulfate (SDS)-polyacrylamide gels containing acrylamide monomer and N,NЈ-methylenebisacrylamide at a ratio of 30:1.2. Resolving gels contained 12% acrylamide, 0.1% SDS, and 400 mM Tris-HCl (pH 8.8), while the stacking gels contained 3% acrylamide, 0.1% SDS, and 60 mM Tris-HCl (pH 6.8). After electrophoresis, gels were fixed in a solution of 7.5% methanol and 7% acetic acid. Radiolabeled proteins were detected by fluorography using Kodak BIO MAX MR film at room temperature. Overnight exposures were typically required.
In vitro protease assay. As described previously (23), RSV protease activity was assayed in a volume of 25 l of 100 mM sodium phosphate (pH 5.9), 2.4 M sodium chloride, 100 M peptide substrate, and 50 ng of PR. Reactions were initiated by the addition of protease, incubated at 37ЊC for 3 to 15 min, and stopped by the addition of 300 l of 0.5 M sodium borate (pH 8.5). Twenty microliters of 0.05% (wt/vol) fluorescamine was then added. Relative fluorescence intensity was measured on a Perkin-Elmer LS-50B luminescence spectrophotometer, using an excitation wavelength of 386 nm and an emission wavelength of 477 nm. Each activity measurement represents the mean of at least three independent experiments. In each case, the standard error for all experiments did not exceed 20% of the value reported. Kinetic constants were determined by using the assay described above. Initial rate data from substrate saturation curves were fit to the Michaelis-Menten equation by using the NFIT program. Correlation coefficients of the fit were greater than 0.98, and the standard deviation of the constants reported was less than 20%.
Peptides. Peptide substrates, 9 to 12 amino acids in length and representing various RSV Gag polyprotein cleavage sites, were prepared as described previously (24) . These peptides include the eight amino acids, P4 to P4Ј, required for efficient and specific cleavage by the retroviral protease. Peptides were solubilized in 1 mM dithioerythritol, and their concentrations were determined by quantitative amino acid composition analysis. The presence of Pro on the amino terminus renders the substrate nonreactive to fluorescamine; the inclusion of Arg residues on the carboxyl terminus improves solubility of the peptides (24) .
Purification of soluble bacterially expressed mutant RSV proteases. Polyhistidine-tagged RSV protease was expressed in Escherichia coli M15 pDM1.1 as previously described (24) . The active RSV protease is greater than 95% pure as judged by SDS-polyacrylamide gel electrophoresis and was obtained in a final yield of about 2 mg. The RSV PR(S105-107) and the covalently linked dimer protease were prepared as described for wild-type PR.
RESULTS
Single amino acid substitutions in the NC-PR cleavage site alter overall Gag processing. It was reported previously that a small deletion introduced into the RSV NC-PR junction of Gag blocked processing of all Gag cleavage sites (6) . While this result suggests that processing of Gag cleavage sites is dependent on the release of PR from the polyprotein, this experiment could not exclude the possibility that the deletion prevented dimerization and activation of the PR subunits (27, 36) . To examine more closely the relationship between cleavage of the NC-PR junction and initiation of viral polyprotein processing, we introduced single amino acid substitutions into the NC side of the NC-PR cleavage junction. These mutations are predicted from in vitro cleavage data (Table 2) to either increase or decrease the ability of the sequence to be cleaved by PR. The effects of these substitutions were analyzed in vivo by expressing the Gag alleles in COS-1 cells in the presence of [ 35 S]methionine, immunoprecipitating the viral proteins from both the cell lysate and cell media, and fractionating the precipitated protein by SDS-polyacrylamide gel electrophoresis (see Materials and Methods). The viral proteins detected in the media are contained in virus-like particles released from the cell surface.
Substitution of Gly for Pro in the P4 or Ser for Val in the P2 position of the NC-PR cleavage site results in an order of magnitude decrease in the ability of wild-type PR to cleave this Table 2 ). Introduction of either of these substitutions into the gag allele resulted in a decrease in the processing of all Gag polyprotein cleavage sites. This is detected most readily in the medium fraction (Fig. 2B) , as seen by the accumulation of Pr76 gag and the concomitant decrease in mature CA and PR bands ( Fig. 2B; compare lanes 2, 3, and 6 with lane 1). This is also observed in the lysate fractions. While Gag processing was decreased, the overall rate of particle release from cells into the medium fraction was not affected. This is expected, because an active PR is not required for virus budding (31; see also Fig. 4B, lane 7) . In a separate set of experiments, the ability to cleave the NC-PR junction was increased by substitution of Phe for Ala in P3 or Tyr for Ser in P1 ( Table 2 ). The A P3 F substitution resulted in slightly faster processing of Pr76 gag in the lysate but again had little effect on the overall particle release. In the case of the S P1 Y substitution, there was a significant increase in processing of Pr76 gag in the lysate. This is seen by the dark band migrating with a molecular mass of 63 kDa (Pr63). This band corresponds to that expected for a Gag polyprotein lacking the PR subunit ( Fig. 2A, lanes 7 and 8) . Despite the fact that this substitution increased the ability to cleave the NC-PR cleavage site as a peptide substrate, the overall amount of particles released from cells was again similar to that of the wild type. Particles released from cells under these conditions, however, contained Pr63 in addition to fully processed proteins. These results support a model in which PR that dimerizes within the structure of the polyprotein cleaves initially at the NC-PR junction. PR subunits must be released from the viral polyprotein before processing occurs at other polyprotein sites.
Replacing the MA-p2 cleavage junction in Gag with the amino acid sequence from the NC-PR cleavage junction. To determine whether cleavage of the NC-PR site and subsequent PR subunit release from Gag play a unique role in processing, we substituted the same set of NC-PR cleavage site sequences for the natural site between the MA and p2 proteins (Fig. 1B) . The MA-p2 cleavage site is one of the slowest-cleaved sites in Gag and Pol analyzed both in vitro and in vivo (8) . As a consequence, the MA protein is usually detected in virus-like particles released from cells as an MA-p2 fusion of approximately 23 kDa (Fig. 3B, lane 1) . When the more efficiently cleaved NC-PR is substituted for the MA-p2 cleavage junction, processing at this site is significantly increased in vivo. This is seen by the appearance of mature MA and the concomitant FIG. 2. Single amino acid substitutions in the NC side of the NC-PR cleavage site alter the overall processing of Gag. All labeling and protein detection were done as described in Materials and Methods. The positions of migration of Pr76 gag and its cleavage products are indicated on the left. Substitutions in the NC-PR cleavage site of Gag are indicated above the lanes and are defined in Fig. 1A . In almost every case, two independent clones for each mutation were constructed and analyzed. WT, wild type. a Steady-state kinetic parameters were determined with the wild-type, RSV PR(S105-107), and PR-GGGG-PR covalently linked proteases, using peptide substrates as described in Materials and Methods.
b All peptides contain two Arg residues not shown on the carboxyl terminus. PAVS-LAMT and TSCY-HCGT represent the NC-PR and MA-p2 cleavage sites, respectively. Lines under residues indicate changes from wild-type sequence.
c These peptides contain an additional Pro residue on the amino terminus (not shown).
loss of the MA-p2 fusion band in the virus-like particles (Fig.  3B, lane 5) . The doublets observed with MA-containing bands are due to partial phosphorylation (14, 21) of the protein in COS cells. While this site is processed more efficiently, there is no detectable loss of particles released from cells. Moreover, when the mutation was cloned into the virus genome and analyzed in vivo, infectious virus particles, which spread throughout the cells in culture, were obtained (29) .
The same single amino acid substitutions in NC that increased or decreased the rate of cleavage of NC-PR were then introduced into the substituted site at the MA-p2 junction. In contrast to the data shown in Fig. 2B (lanes 2 and 3) , substitution of Gly in P4 did not prevent the processing of Gag (Fig.  3B, lane 4) , nor did it affect the release of virus-like particles from cells. Thus, it is the substitution of Gly in P4 of NC-PR and the release of the PR subunits from the polyprotein that were responsible for the change in processing observed in Fig.  2 . The combination of replacing MA-p2 with the NC-PR sequence and modifying its P1 or P3 position to increase further PR cleavage resulted in a significant decrease in virus-like particles released from cells (Fig. 3B, lanes 2 and 3) compared to the wild type (lane 1). The loss of budding with the substitutions in P1 and P3 may be the result of the premature cleavage of the Gag polyprotein. Alternatively, it is possible that the P1 or P3 substitution directly influenced the budding process even though neither did so in the NC-PR junction at the wild-type position. Also, the wild-type MA-p2 junction sequence is not required for budding since it can be replaced by the NC-PR sequence (Fig. 3B, lane 5) .
Gag polyproteins with modified PR subunits cause defects in budding. The relationship between Gag processing and formation of virus-like particles was further studied by introducing an altered PR subunit containing substitutions R105P, G106V, and S107N into the Gag allele (Fig. 1C) . This modified PR, termed RSV PR(S105-107), cleaves the RSV NC-PR and MA-p2 peptide substrates 9-and 50-fold faster, respectively, than the wild-type PR ( Table 2 ). The PR(S105-107), like the wild type, must dimerize to form an active enzyme. When the PR(S105-107) substitution was introduced into Gag, a de- crease in the level of virus-like particles released from cells was observed ( Fig. 4B ; compare lane 5 to lane 4). The defect can be rescued by inactivating the PR(S105-107) by substitution of a serine for the catalytic aspartic acid residue (Fig. 4B, lane 6) . In addition to the defect in particle release, maturation of the carboxyl terminus of CA was incomplete. This is seen by the predominant CA1 band (22) , representing CA plus a nineamino-acid spacer sequence (Fig. 4A, lane 4) . The budding defect caused by the PR(S105-107) substitution can be rescued by slowing the rate of cleavage at the NC-PR junction. If cleavage of the NC-PR site is a prerequisite for PR-dependent processing of Gag as indicated in Fig. 2 , then introduction of amino acid substitutions at the NC-PR cleavage site which slow down the release of the PR subunit are predicted to rescue defects observed with the RSV PR(S105-107) (Fig. 1D) . When the RSV PR(S105-107) substitution was combined with either the NC (V P2 S)-PR or the NC(P P4 G)-PR substitution, wild-type levels of virus-like particles were released from transfected cells ( Fig. 5B ; compare lanes 1, 2, 7, and 8 to lane 9). Both of these substitutions are FIG. 5 . The defect in budding observed with PR(S105-7) can be rescued by slowing down the rate of cleavage of the NC-PR junction in Gag. Constructs that combine the PR and NC-PR cleavage site substitutions are shown in Fig. 1D and are indicated above the lanes. ⌬(p2b) deletes the 11 amino acids defined as p2b in Fig. 1A . This deletion disrupts the L assembly domain as previously described (34) . Viral proteins from the cell lysate and media were analyzed as described in the legend to predicted to lower the rate of cleavage of the NC-PR junction (Table 2) . Interestingly, while release of virus-like particles from cells was normal, removal of the spacer peptide from the end of CA was still defective (Fig. 5B; compare lanes 1, 2, 7 , and 8 to lane 9). When the rate of cleavage of the NC-PR junction was increased by the introduction of either the NC(S P1 Y)-PR or the NC(A P3 F)-PR substitution, a budding defect that was more severe than that observed with RSV PR(S105-107) by itself was seen (Fig. 5B, lanes 3 to 6) . As a control, we analyzed the ability of a small deletion mutation that inactivates the p2-p10 cleavage junction to rescue the budding defect observed with the RSV PR(S105-107) enzyme (Fig. 1E) . The ⌬(GSGL) deletion interferes with cleavage at the p2-p10 junction (Fig. 4B, lane 3) , resulting in a p33 band representing the MA-p2-p10 proteins detected in released particles from Gag alleles with wild-type PR. The ⌬(GSGL) deletion does not disturb the biological function of the adjacent L domain, a conserved amino acid sequence (PPPPYV) required for budding of virus particles from cells (33, 35) . Thus, wild-type levels of virus-like particles are released from cells (Fig. 4B, lane 3) . When the ⌬(GSGL) deletion was combined with the RSV PR(S105-107) substitution, there was no rescue of the particle defect (Fig. 4B, lane 1) . Thus, altering a Gag polyprotein junction other than NC-PR has little effect on PR activation. Taken together, these results indicate that the budding defect caused by PR(S105-107) is dependent on release of modified PR subunits from the Gag polyprotein.
Defective particle release observed with a covalently linked PR dimer cannot be rescued by substitutions in the NC-PR cleavage site. A budding defect is observed when a PR dimer linked by four glycine residues is introduced into the Gag allele (5). This enzyme, purified from the soluble fraction of bacterial cell lysates, has a specific activity with the reference NC-PR peptide substrate similar to that seen with wild-type PR (Table  2) . However, in contrast to the results shown with RSV PR(S105-107) in Fig. 5 , decreasing the cleavage rate of the NC-PR site by introduction of either the NC(V P2 S)-PR or the NC(P P4 G)-PR substitution (Fig. 1F) does not rescue the assembly defect observed with the linked dimer (Fig. 6B, lanes 1  to 4) . Increasing the cleavage rate of the NC-PR junction also had little detectable effect (Fig. 6B, lanes 5 to 8) . These results suggest strongly that initial cleavage at the NC-PR junction, which is a requisite for PR dimerization, is the rate-limiting step in PR activation and subsequent polyprotein processing.
Combining RSV PR(S105-107) and covalently linked PRs with deletions of the Gag I domain. The I domain in Gag promotes aggregation of polyproteins during particle assembly (2, 10, 28) and is therefore predicted to influence the process of PR dimerization in the polyprotein. To test this hypothesis, we made use of mutant ⌬NC (Fig. 1E) , which lacks Gag residues 496 to 570, including both copies of the I domain. Cells [4, H(N)]leucine. The sample was spiked with unlabeled MoMLV (as an internal control [2, 28] for density of wild-type retrovirus particles) and loaded onto a 10 to 50% sucrose gradient, which was spun in an ultracentrifuge at 70,000 ϫ g for 16 h. Fractions containing MoMLV (å) were identified by assaying for reverse transcriptase (RT) activity. ⌬NC proteins (F) from each fraction were immunoprecipitated by using anti-RSV serum, subjected to electrophoresis on an SDS-12% polyacrylamide gel, and visualized by fluorography. The optical density (O.D.) of each band was determined by densitometry. The arrow indicates the direction of sedimentation. (C) Pulse-chase experiments with [ 35 S]methionine were carried out as described in Materials and Methods in cells expressing Gag polyproteins containing PR(S105-7) (ᮀ), PR-PR (E), PR(S105-7) plus the ⌬NC mutation (s), or PR-PR plus the ⌬NC mutation (F). The ⌬NC mutation is shown in Fig. 1E . The percentage of detectable labeled Gag was graphed as a function of chase time.
transfected with this mutant released particles less efficiently than the wild type (Fig. 7A) . Unlike previously described I-domain mutants of RSV (2, 28) , ⌬NC contains complete CA and PR sequences. Since these proteins participate in interactions within the virion, we determined whether the ⌬NC clone produced particles of low rather than high density, the criterion used to define the effects of I-domain mutations (2, 28) . Analysis of ⌬NC particles in sucrose density gradients revealed that the particles were of low density and thus behaved as expected for I-domain mutants (Fig. 7B) .
We then introduced the ⌬NC deletion into Gag constructs containing either RSV PR(S105-107) or covalently linked PR. Pulse-chase experiments were conducted to characterize the stability of Gag in whole-cell extracts, including released particles (Fig. 7C) . Under these conditions, Gag containing RSV PR(S105-107) or any of the covalently linked enzymes had an estimated half-life of 0.75 h. Introduction of the I-domain deletion into Gag containing the RSV PR(S105-107) enzyme increased the half-life of Pr76 gag about twofold, to 1.5 h, whereas there was little effect when the deletion was introduced in combination with the covalently linked PR. While the differences observed are small, the same magnitude of effect was observed in two separate pulse-chase experiments. These results are consistent with the postulated role of the I domain in promoting Gag polyprotein interactions which facilitate viral PR dimerization.
DISCUSSION
Processing of viral polyproteins by retroviral PR is a late event in replication which is required for production of infectious virus. If processing occurs too early, Gag proteins are separated prematurely from the amino-terminal M-domain transport signal. This prevents them from reaching the site of virus assembly and results in failure to release particles. The exact mechanism by which PR activation is delayed is not fully understood. A model presented in Fig. 8 , which depicts this process, is based on previous as well as present studies. Precursor processing appears to be initiated by release of PR subunits from the polyprotein. While a RSV PR dimer, as part of the Gag polyprotein, is capable of cleaving the NC-PR junction, processing of all other Gag cleavage sites requires release of PR subunits from the polyprotein. This is shown by the results of Burstein et al. (6) and findings reported here where inefficient cleavage of mutant NC-PR junctions delays subsequent processing of all other Gag cleavage sites. These mutations were placed in the NC side of the NC-PR junction and do not alter the catalytic properties of PR. Furthermore, introduction of a catalytically enhanced PR [RSV PR(S105-107)], which has to dimerize, or a covalently linked PR dimer, which does not, results in premature processing of the Gag polyprotein. However, the budding defect created by the RSV PR(S105-107) is rescued by slowing release of the altered PR from Gag, whereas the defect caused by a covalently linked PR is not rescued. Similarly, it is reported that in HIV, precursor forms of PR are less efficient in Gag processing (37) . Precursor processing is dependent on release of the PR subunit, probably because of the requirement for PR dimerization. This process occurs slowly in the polyprotein but rapidly with free PR subunits. This observation is supported by recent studies of SellosMoura and Vogt (25) which demonstrate that recombinant RSV NC-PR fusion and PR proteins migrate on gels as monomer and dimer, respectively.
In the processing model depicted in Fig. 8 , a small amount of PR as part of the polyprotein has to dimerize to initiate the autoproteolytic processing. Whether the initial PR cleavage occurs in cis, with the PR dimer cleaving itself out of its own polyproteins, or in trans, with the PR dimer cleaving PR subunits from different Gag polyproteins, is not known. However, structural considerations make the cis cleavage seem unlikely. The initial dimerization process would be facilitated both by aggregation of the precursor polyproteins at the site of budding and through protein-protein interactions involving the I domain (2, 28) . It has been shown that in HIV, NC and p6 can facilitate PR dimerization (38) . In this report, we find that an I-domain deletion, which interferes with Gag aggregation, can decrease the processing rate of Gag containing RSV PR(S105-107) but not that of Gag containing the covalently linked dimer. This suggests that I-domain-mediated interactions among Gag molecules facilitate the formation of PR dimers at the level of the polyprotein. The budding defect caused by premature PR activation is experimentally similar to the budding defect observed by deletion of the Gag L domain in p2 (Fig. 5B, lane 10) . It differs, however, in that the budding defect caused by premature PR activation can be rescued by inactivating PR (Fig. 4B, lane 6) whereas that caused by the L-domain mutation cannot (33) .
Is there a preferred cleavage order for the processing sites in Gag? The NC-PR site must be cleaved first, because cleavage of all other sites in the Gag polyprotein is dependent on release of PR and assembly of active homodimers. In contrast, removal of the spacer peptide between the CA and NC proteins and cleavage at the MA-p2 junction appear to be late events, as polyprotein intermediates of MA-p2 and CA-spacer can be detected in newly budded particles from cells. Removal of the spacer peptide between the CA and NC proteins is correlated with the rate of particle budding. When the budding process is delayed, removal of the spacer is slowed concomitantly (22, 35) , suggesting that the two processes are linked closely.
Substitutions introduced in the Gag p2-p10 cleavage site, which decreased its predicted cleavage rate, resulted in MAp2-p10 fusion proteins being accumulated in particles (33) . This occurred without an observable effect on overall Gag processing or particle release (Fig. 4, lanes 3) . Changing the cleavage rate of the MA-p2 junction by more than 10-fold also results in little effect on particle budding except that mature MA is released more rapidly. That cleavage rates of Gag polyprotein sites can be altered by more than 10-fold without causing a biological defect in assembly underscores the remarkable flexibility built into the viral replication process. This wide tolerance allows for production of infectious virus even when polyprotein processing is altered by protease mutations conferring resistance to PR-directed drugs used to treat patients with AIDS. This replication allows further mutations to develop at the cleavage sites that can partially compensate for mutated PR. One such case has recently been reported (13) .
